ABSTRACT For fifth-generation (5G) macrocell mobile-to-mobile (M2M) communication scenarios, we in this article propose a three-dimensional (3D) cylinder multiple-input and multiple-output (MIMO) channel model to reflect the distribution region of interfering objects in macrocell propagation environments, where the receiver (Rx) is located in the center point of the cylinder model, while the transmitter (Tx) is outside the scattering region. In the proposed model, the received signal is constructed as a sum of the components with line-of-sight (LoS) propagations and the components reflected by the objects with different energies, i.e., non-line-of-sight (NLoS) propagation components, which makes the model has the ability to sufficiently adaptable to a variety of 5G wireless communication scenarios. Furthermore, we investigate the statistical channel propagation properties, i.e., spatial cross-correlation functions (CCFs) of two different propagation components, temporal autocorrelation functions (ACFs), and Doppler power spectrum densities (PSDs), for different movement directions and time instants of the Tx and Rx. Numerical analytical results of the propagation properties fit the simulation results very well, which demonstrate that the proposed 3D model is practical for characterizing the real 5G macrocell M2M channels.
I. INTRODUCTION
Recently, mobile-to-mobile (M2M) communications are a major research topic in the context of the fifth-generation (5G) intelligent transportation systems. M2M system aims to minimize traffic accidents, improve traffic efficiency, and foster the development of 5G mobile applications [1] . For designing 5G M2M wireless communication systems, it is of great significance to investigate the propagation properties between a transmitter and a receiver in wireless channels [2] . Therefore, the development of M2M channel modeling in 5G communications is of great significance for the country to achieve strategic leadership in the field of mobile information technology [3] .
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In wireless multiple-input and multiple-output (MIMO) communication environments, the waves from the transmitter impinge on the scatterers in the roadside environments before reaching at the receiver [4] ; therefore, it is important to adopt Ricean fading channels to characterize the propagation characteristics in 5G M2M communications [5] . Numerical studies have demonstrated that the computational complexities of geometry-based stochastic models (GBSMs) are extremely low while their accuracies are very high; therefore, geometry-based channel modeling has been widely used to study the statistical propagation properties of M2M channels in 5G communication scenarios [6] . The existing literatures present a variety of geometric channel models to depict the distribution region of interfering objects in wireless communication scenarios. In light of this, the propagation path lengths and angular parameters in different scenarios can be derived according to specific geometric relations among the transmitter, receiver, and interfering objects. Refs. [7] and [8] proposed multi-bounced scattering model to study the statistical characteristics in V2V channels, which adopted an ellipse model to depict the distribution region of interfering objects in mobile radio communication environments. The authors in [9] proposed a statistical geometric propagation model for macrocell mobile environments, which assumed that the propagation components experience single interaction traveling from the transmitter to the receiver; and meanwhile, the distribution region of objects are assumed to be located uniformly within a circle around the receiver. Furthermore, based on the assumption of the fixed movement direction of the velocity, He et al. [10] studied the time-varying statistical characteristics of M2M channels in a two-ring M2M reference model.
Measurements in [11] demonstrated that when the propagation between a transmitter and a receiver in a two-dimensional (2D) model, the estimation of the system performance is inaccurate, Therefore, it has significant importance for us to use three-dimensional (3D) channel models including azimuth angles and elevation angular parameters to evaluate the channel propagation properties [12] . The authors in [13] proposed a 3D wideband MIMO channel model for vehicle-to-vehicle (V2V) communications in tunnel scenarios, which introduced a number of confocal semi-ellipsoid models to investigate the statistical characteristics in V2V channels for different propagation delays. In [14] , the authors adopted a number of confocal elliptic-cylinders to depict the scatterers distribution in roadside environments. The authors in [15] and [16] presented 3D scattering channel models to describe the mobile radio communications in macrocell and microcell environments, respectively. However, in [15] and [16] , the necessity to model the roadside scatterers using semi-ellipsoids is not reasonable, since the roadside scatterers are unlikely (nearly impossible) to exist in the sky. Furthermore, Zajic [17] proposed a 3D geometrical multipath fading channel model for narrowband MIMO M2M communications, which adopted a two-cylinder model to depict the straight scattering surfaces of the buildings in the roadside communication scenarios. The authors in [18] presented a 3D MIMO channel model to mimic the communications between the transmitter in the air and the receiver on the ground, which introduced the high altitude transmitter and ground receiver located at the foci points of the 3D tilt ellipsoid model. Chang et al. [19] proposed a wideband non-stationary V2V stochastic channel model, which investigated the time-variant channel characteristics. In general, the above channel models are mainly suitable for microcell communication scenarios; however, when the transmitter is far from the receiver, i.e., macrocell communication scenarios, these models are no longer fulfilled. It light of this, it is important to introduce MIMO channel models to investigate the 5G macrocell M2M communication systems [20] , [21] . As shown in Fig. 1 , we in this article propose a 3D cylinder MIMO channel model to reflect the distribution region of interfering objects in 5G macrocell M2M propagation environments, where the receiver (Rx) is located in the center point of the cylinder model, while the transmitter (Tx) is outside the scattering region. The main contributions of this paper are outlined as follows:
(1) In the model, we study the analytical and simulation results of the statistical propagation characteristics for different movement directions and time instants of the Tx and Rx in 5G macrocell M2M Ricean fading channels.
(2) Important statistical channel propagation properties, such as spatial cross-correlation functions (CCFs) of different propagation components, temporal autocorrelation functions (ACFs), and Doppler power spectrum densities (PSDs), are derived and thoroughly investigated.
(3) The proposed model is validated by comparing the statistical propagation properties of the analytical and simulation results in different movement time instants, which validate that our model can be used to diverse 5G M2M communication scenarios by changing the angular and model variables.
The rest of this article is summarized as follows. Section II provides the 3D cylinder MIMO channel model for 5G macrocell M2M communication systems. The propagation scenarios and geometric relationships are provided in detail. In Section III, statistical propagation characteristics in macrocell M2M channels such as spatial CCFs, temporal ACFs, and Doppler PSDs are derived and investigated based on the proposed model. Section IV discusses the numerical analytical and simulation results of the proposed macrocell M2M channel model. Finally, our conclusions are shown in Section V.
II. SYSTEM CHANNEL MODEL
In multipath channels, the propagation path length of each wave determines the delay and essentially also the average VOLUME 7, 2019 power of the wave at the receiver. Therefore, the existing literatures used a channel modeling approach o represent the multi-path propagation channel between a transmitter and a receiver [6] . It is worth mentioning that the geometric model specifies the mathematical model and the algorithms used for channel modeling that applied to all communication scenarios. As shown in Fig. 1 , we adopt a 3D cylinder channel model to depict the distribution of effective scatterers in macrocell M2M communication scenarios. We define the Tx and Rx are, respectively, equipped with M T and M R uniform linear array (ULA) antenna arrays. The spacings of two adjacent antennas at the Tx and Rx are denoted as δ T and δ R , respectively. The orientations of the Tx and Rx antenna arrays relative to the positive direction of the x-axis are denoted as ψ T and ψ R , respectively. In M2M channels, the distance from the center point of the Tx to that of the Rx is D. The radius of the cylindrical surface around the Rx is designated as R r . Assumed that there exist N effective scatterers (i.e., interfering objects) lie on the surface of the cylinder model, where the n-th (n = 1, . . . , N ) scatterer is designated s (n) . It is worth mentioning that the Tx and Rx in M2M channels are not static; therefore, the movement velocities of the Tx and Rx are v T and v R , respectively; while the movement directions are denoted as γ T and γ R , respectively.
In the proposed macrocell M2M channel model, the waves from the Tx to the Rx experience the components with lineof-sight (LoS) propagations and the components reflected by the objects, i.e., non-line-of-sight (NLoS) components. As demonstrated in [3] , it is reasonable to adopt a matrix
to reflect the physical propagation properties in MIMO channels, where h pq (t, τ ) represents the complex channel impulse response (CIR) between the p-th (p = 1, 2, . . . , M T ) antenna of the transmitting array and the q-th (q = 1, 2, . . . , M R ) antenna of the receiving array [22] , [23] . Therefore, the complex CIR of the LoS propagations can be calculated as
where ϕ 0 denotes the initial phase of the NLoS components, which is assumed to be an independent random variable with an uniform distribution from −π to π, i.e., ϕ 0 ∼ [−π, π ). Here, K denotes the Rice factor, c is the speed of light. The α LoS T and α LoS R are the azimuth angle of departure (AAoD) and azimuth angle of arrival (AAoA) of the LoS propagation component, respectively; β LoS T and β LoS R are the elevation angle of departure (EAoD) and elevation angle of arrival (EAoA) of the LoS path, respectively. Furthermore, ξ pq is the propagation distance from the p-th transmit antenna directly to q-th receive antenna, which can be calculated as
with
However, when the waves propagate from the Tx to the Rx undergo the components reflected by the interfering objects, i.e., NLoS propagations, the complex CIR can be expressed as [24] h NLoS pq (t) =
where α (n)
T and β (n)
T are, respectively, the AAoD and EAoD of the propagation path that impinge on the scatterer s (n) ; while α (n) R and β (n) R are, respectively, the AAoA and EAoA of the propagation path that reflect by the scatterer s (n) . Furthermore, ξ pn and ξ qn are the length of the geometric propagate path from the p-th transmitting and q-th receiving antennas to the scatterer s (n) , respectively, which can be calculated as
It is worth mentioning that the existing literatures have adopted a series of closed-form expressions of scatterers distributions, i.e., uniform, Gaussian, Laplacian, and von Mises, to characterize the angular parameters of the AAoD, EAoD, AAoA, and EAoA. The probability density function (PDF) of the von-Mises distribution is derived as
where α (n) designates the mean value where the arrival azimuth angle are mainly distributed, I (·) is the first kind zero-order modified Bessel function, k (k ≥ 0) is a real-valued parameter that controls the angles spread of α 0 . The cosine distribution describing the EAoAs can be calculated as
where β 0 designates the mean direction of the elevation angle, β m is the variance of β (n) . In the following, we adopt the closed-form expression of the von-Mises distribution because of its advantage of characterizing the angular variables in the azimuth and elevation planes in Ricean channels [25] . To be specific, when the communications between the Tx and Rx are in isotropic scattering scenarios, we obtain f (α) = 1/2π as k = 0; however, when the communications are in extremely non-isotropic scattering scenarios, we obtain f (α) = δ(α − µ) as the k is approaching infinity, i.e, k → ∞. For small k, this closed-form expression approximates the cardioid PDF, which is rather similar to the cosine PDF; while for large k, it resembles a Gaussian PDF with mean µ and standard deviation 1/ √ π.
III. STATISTICAL PROPAGATION PROPERTIES OF THE PROPOSED MODEL
In this section, we will derive the statistical propagation properties of the proposed channel model. Here, we should mention that the complex CIR h pq (t, τ ) has the ability to characterize the physical properties of the direct LoS propagations and the components reflected by the effective scatterers on the surface of the cylinder model (i.e., NLoS rays); therefore, the spatial CCFs of two different propagation paths in the proposed model can be expressed as [26] 
where * denote the complex conjugate operation, E(·) is the expectation operation. Assumed that the components with LoS propagations and the components reflected by the effective scatterers are independent to each other; therefore, the spatial CCF of the propagation components in the proposed model can be expressed as
In substituting (1) into (8), the spatial CCF of the rays with LoS propagations can be calculated as
In substituting (2) into (8), the spatial CCF of the components reflected by the effective scatterers can be calculated as
It is worth mentioning that the angular variables of the AAoA and EAoA are correlated with those of the AAoD and EAoD in the components reflected by the effective scatterers. In light of this, based on the geometric model in Fig. 1 , we can express the geometric relationships as
where
Here, we should mention that when the number of scatterers on the surface of the cylinder model is approaching infinity, i.e., N → ∞, the discrete variables α
T , and β (n) R can be characterized as continuous α T , α R , β T , and β R , respectively, with the given closed-form expression of the von-Mises distribution. In this case, we can obtain
where f (α R ) and f (β R ) denotes the von Mises PDFs of the arrival azimuth and elevation variables, respectively, which closed-form expressions are in (6) and (7), respectively. Therefore, we can rewrite (11) as
In substituting (7) and (8) into (14), the closed-form expression of the proposed spatial CCFs of two different NLoS propagation components can be obtained. Furthermore, when we set p = p and q = q , we can obtain the expression of the temporal ACF of the propagation paths in the proposed model as follows:
In the proposed macrocell M2M channel model, the components with LoS propagations and the components reflected by the effective scatterers jointly influence the distributions of the Doppler PSDs. As demonstrated in [27] , the closedform expression of the Doppler PSD in wireless channels can be calculated by applying the Fourier transform of the time interval t in the expression of the temporal ACF ρ h pq (t, t), i.e.,
where f D denotes the Doppler frequency. 
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this following, we will investigate the propagation characteristics in macrocell M2M channel model, including the spatial CCFs of two different NLoS propagation components, temporal ACF of the propagation rays, and Doppler PSD. The following variables are adopted for our simulation analysis: f c = 5.9 GHz, K = 10, v T = 10 m/s, v R = 20 m/s, γ T = π/3, and γ R = π/3. By using (14) , the analytical results of the proposed spatial CCFs ρ h pq ,h p q (t, τ ) in terms of the different propagation delay τ and different movement time t are shown in Fig. 2 . It is obvious that when the value of the propagation delay τ rises, the spatial correlation decreases slowly. In reality, a similar behavior can be seen by increasing the movement time t. The conclusions are in agreement with the studies in [14] , which validate the accuracy of our analysis. Figure 3 shows the analytical results of the spatial CCFs ρ h pq ,h p q (t, τ ) of the proposed model in terms of the different antenna spacings δ T and δ R . It can be noted that when the transmit/receive antenna spacing increases, the spatial correlations decrease gradually, which confirm with the measurements in [28] . Figure 4 shows the spatial CCFs of two different NLoS propagation paths with respect to the different movement time instant. It can be observed that when the movement time It can be noted that the proposed temporal ACFs present different behaviors as movement time t varies from 0 s to 10 s, which is due to the changing of Doppler frequencies. Furthermore, we notice that the temporal correlations of the analytical results and those of the simulation results match with each other at different time instants, which demonstrates the correctness of the above analysis. Figure 6 shows the analytical results of the proposed temporal ACFs ρ h pq (t, t) in terms of the different movement directions of the Tx and Rx. It can be seen that when the movement directions vary from γ T = 0, γ R = π to γ T = π, γ R = 0, the propagation distance from the Tx to the Rx increases correspondingly. In this case, the temporal correlation of the components reflected by the effective scatterers decrease slowly.
By using (16) , the analytical and simulation results of the proposed Doppler PSDs S h pq (f D , t) in terms of the different movement time instant t are studied in Fig. 7 . It can be seen that the distribution curves of the proposed Doppler spectrums drift over the time t, which is resulted from the movements of the Tx and Rx. Furthermore, we notice that the analytical results of the Doppler spectrums nicely fit the simulation results, which further demonstrate the accuracy of the derivation of the Doppler spectrums in macrocell M2M channels.
V. CONCLUSION
In this article, we have provided a 3D cylinder MIMO channel model for 5G macrocell M2M communication scenarios. From this model, we have derived the closed-form expressions of the spatial CCFs, temporal ACFs, and Doppler PSDs for the components with LoS propagations and the components reflected by the interfering objects, i.e., NLoS components. It has been demonstrated that the spatial CCFs of the proposed channel model show different distribution curves as the movement time instant t varies. By increasing the value of the propagation delay or the movement time t, the spatial CCFs decrease gradually. It has also been demonstrated that the distribution curves of the proposed Doppler PSDs drift over the movement time, which is resulted from the movements of the Tx and Rx. Overall, the analytical results of the propagation properties in the proposed model nicely fit the simulation results, which provide a guidance for evaluating and designing 5G macrocell M2M communication systems.
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